The origin of ion-releasing dentine bonding agents lies in a change in attitude regarding the qualities demanded of a restorative dental material. The objectives of this paper are to review recent studies on novel hybrid adhesives comprising bioactive fillers based on information from original research papers, reviews, and patent literatures. Literature searches of free text and MeSH terms were performed by using MedLine (PubMed), Web of Science, Scopus, Scielo and the Cochrane Library (6th November, 2013). Reference lists of primary research reports and eligible systematic reviews were cross-checked in an attempt to identify additional studies. Experimental methacrylate-based adhesives, either when incorporating calcium/sodium phosphate-phyllosilicates or calcium silicate cements, demonstrated to promote therapeutic/protective effects on the micro-mechanical and ultramorphological properties of resin bonded-dentine interfaces associated with mineral deposition over time. Further randomized control trials are needed in order to confirm these initial results in vivo.
INTRODUCTION
Over the past three decades, bonding of resin-based composite restorations has been revolutionized by continuing advances in dental adhesive technology. The ultimate goal in the design and development of dental adhesives is to render a stronger and more durable adhesion to hard dental tissues -despite the severe conditions in the oral environment. Improvements have been made in the areas of aesthetic appeal, ease of use and reduction of technique sensitivity 1) . However, the process was, and still is, not without its faults, and chief among those faults is the reduced durability of resin-dentine bonds compared with resin-enamel bonds, owing to the fact that dentine bonding relies on organic components 2) . The infiltration of hydrophilic resin monomers into demineralized collagen matrix, to produce a hybrid layer (HL) that couples adhesives/ resin composites to the underlying mineralized dentine, provides ample opportunity for nano-leakage to occur beneath the restoration: oral fluids penetrate any poorly infiltrated area and serve as functional medium for the functioning of host-derived, collagen degrading matrix metalloproteinases (MMPs) 3) . While each experimental strategy that attempted to overcome these problems has its own benefits and reciprocal limitations 4) , progressive water replacement by hydroxyapatite generated during dentine remineralization may be a suitable strategy for extending the service life of resin-based dentine bonding procedures and its actualization has been a source of conjecture until now 5) . In this case, nano-leakage might only be a temporary phenomenon that could be solved by new hard-tissue formation 6) . Water may provide the aqueous environment for the infiltration of calcium phosphate (Ca/P) precursors into the gap zones of collagen fibrils to initiate nucleation and growth of newly formed mineral crystals. As remineralization proceeds, free and loosely bound water becomes less readily available to MMPs to initiate autolytic phenomena. Moreover, catalytic and allosteric domains of these enzymes may be fossilized and inactivated by the deposition of hydroxyapatite crystallites between polymer matrices and exposed collagen fibrils 5) . It has been suggested that molecular immobilization of the functional activity of collagenolytic enzymes could be accomplished in dental restorations with a guided tissue approach 7) . Previous research has concentrated on nanotechnology principles and the use of biomimetic analogs of matrix phosphoproteins to mimic what occurs in biomineralization, particularly in areas devoid of seed crystallites 8) . An excellent review paper was presented by Cochrane et al. 9) to highlight recent nanotechnological developments in the non-invasive management of incipient caries lesions, with a specific focus on bottomup remineralization strategies for controlled enamel synthesis.
This narrative article provides thorough information about the development of new approaches to enhanced remineralization of tooth tissues from a different perspective, namely the aim was to answer questions about whether the presence of reactive silicate compounds at the resin bonded-dentine interface could have a significant impact on the processes occurring in their vicinity, and the formation of hydroxyapatite deposits on hypomineralized adjacent Fig. 1 Crystal structure of biogenic HCAp. dentine surfaces might take place in presence of phosphate-containing solutions that closely mimic physiological fluids present in the oral environment.
With information sources collated from original scientific papers, reviews, and patent literatures, this paper tracked and arranged the early to recent developments in this field into three sections as follows: I) Pathways in dentinal mineralization; II) Top-down remineralization of hybrid layer collagen matrix; III) Development of dentine bonding systems comprising bioactive particles.
PATHWAYS IN DENTINAL MINERALIZATION
Biologically mineralized tissues have remarkable hierarchical structures that have evolved over time to achieve great functions in a large variety of organisms. Enormous progress has been made over the last few decades in understanding the mineralization processes in mammalian tissues such as bone, enamel and dentine.
Dentine is mainly composed of type-I collagen with associated noncollagenous proteins, to form a highly cross-linked three-dimensional matrix reinforced by mineral crystallites 10) . The quality of dentine is dependent upon the total sum of characteristics of the tissue that influence its competence: microstructure, mineral density and composition, along with the particular location of the mineral phase with respect to the organic structures. This mineral-reinforced composite was described by Weiner and Wagner as containing oriented plate-like crystals with their c-axis aligned with the long axis of each collagen fibril 11) . Their sizes, ranging in length from 20 Å to 1100 Å 12) , is not arbitrary; rather, it seems to give them remarkable physical characteristics 13, 14) , exposing a very large surface area to the extracellular fluids, which is critically important for rapid ion exchange. Minerals start to nucleate within or immediately adjacent to the holes and pores present in the collagen fibrils 15) . This intrafibrillar heterogeneous nucleation is catalyzed by the presence of phosphated esters groups 16) and carboxylate groups 17) present in the collagen fibrils. Subsequently, the growth, or mineralization, takes place along the collagen fibrils, eventually occupying all of the interstitial extrafibrillar spaces (20 nm). The location of these crystals was demonstrated in a study by Traub et al. 18) in which mineralized collagen fibrils had the same banded pattern as negatively stained collagen fibrils, with domains of charged amino acids at the border of the gap and overlap zones acting as nucleation sites. Modelling of collagen fibrils showed that these nanosized, positively charged regions are used for mineral infiltration as well as charge-charge attraction. It was proposed that mineral platelets were arranged in parallel within the gap zones and interstices of the fibril like a stack of cards 19) . The principal mineral component is carbonated nanocrystalline hydroxyapatite (HCAp) whose structure is far different from stoichiometric hydroxyapatite (HAp), represented by the formula:
Where Me is a divalent metal (e.g. calcium, Ca 2+ ), XO4 is a trivalent anion (e.g. phosphate, PO4 −3 ), and Y is a monovalent anion (e.g. hydroxyl, OH − ). Given the unique mechanisms involved in its formation, biogenic HCAp varies in several ways from the corresponding geologically produced mineral. First, HCAp has a hexagonal lattice structure, having a strong ability to form solid solutions, and to accept numerous substitutions ( Fig. 1) . These substitutions affect the apatitic lattice parameters: the crystal size is decreased, and thereby the surface area is increased compared to stoichiometric HAp, thus permitting additional adsorption of ions and molecules 20) . HCAp contains in fact various trace elements from intrinsic or extrinsic origins, namely significant carbonate substitutions, OH − deficiencies, and imperfections in the crystal lattice 21) . This phenomenon provides certain physico-chemical and functional features important in the formation and dissolution of crystals in dental tissues. For example, F − ions are readily incorporated into HCAp, forming fluoroapatite, a less soluble phase of Ca/P as compared to HAp, confering to enamel its low dissolution properties to resist acidic attacks. With respect to dentinal structure, the peculiarity is represented by numerous substitutions (i) by hydrogenophosphate (HPO 4 2− ) of XO4 groups and (ii) by carbonate (CO3 2− ) of Y2 and XO4 groups. Lastly, biological minerals tend to attain high crystallinity and a more organized structure on the time scale of days or months rather than years 22) . To this end, Lowenstam and Weiner 23) used transmission electron microscopy to evaluate the ultrastructure of HCAp crystallites and confirmed that the average length and width of crystallites was 20 nm, with an approximate thickness of 2-3 nm, resembling plate-like structures.
TOP-DOWN REMINERALIZATION OF HYBRID LAYER COLLAGEN MATRIX
Despite their complex hierarchical structures, the basic building blocks of bones and teeth during both initial and later formation stages are nanosized mineral particles. Although extensive investigations of Ca/P crystallization have been performed, many have studied the final structures and morphologies and have not emphasized the need to consider the early contacts between mineral nuclei and organic matrix, or the thermodynamic and kinetic controls imposed by the latter and soluble proteins. Current results and concepts of crystal nucleation and growth at the molecular level, and the role of site-specific interactions, provide possible mechanisms of Ca/P crystallization that are related to the remineralization of dentine 13, 14) . However, the detailed physical and chemical processes by which nucleation control is established and the thermodynamic and kinetic parameters that define those processes remain largely unknown.
The site and the amount of mineral deposition are probably determined by the chemical process (deposition) and by the physical condition (mineral distribution profile and transport mechanism).
Organic phases play an initial role in templating the structure of mineralized tissues; therefore, their matrices should be sound as a scaffold for the mineral crystals to grow 24, 25) . Structurally intact collagen fibrils that retain their banded characteristics and intermolecular crosslinks are considered to be physiologically remineralizable 26, 27) . Also, non-denatured intact collagen is remineralizable as long as seed crystallites are still present 28) . Partial demineralization of the collagen matrix by acids derived from bacteria or dentine bonding procedures leaves remnant seed crystallites and noncollagenous phosphoproteins that can act as heterogeneous nucleation sites 29, 30) . In nanotechnology terminology, this represents a top-down approach via epitaxial growth 31) . Mineral/matrix contact is a key factor. This leads to the deposition of a dense network of pre-nucleation clusters bound by polyanions within any nanosized region of the organic template and their subsequent growth involves various possible precursor phases to the final mineral phase 32) . Classic crystallization theory assumes that crystals nucleate and grow from elementary building blocks (ions, molecules) in a supersaturated solution, although phase transformations may also occur at later stages. The association of solution species to form "metastable intermediate precursors" 33) , or "growth units", that subsequently dissolve as the precipitation reactions proceed, is a crucial step 34) . The nature of the primary mineral phase remains controversial. Dicalcium-phosphate salts have been implicated as possible precursors to the formation of biogenic HCAp with trace of carbonate and fluoride 35) . Moreover, in vivo calcifications have also suggested the involvement of an initial amorphous Ca/P phase (ACP) followed by transformation to the final HCAp product 36) . According to Posner, HCAp derives from Ca/P clusters [Ca 9 (PO 4 ) 6 ] packing randomly with interfacial water to form ACP precursors 37) . This theory is supported by the presence of several Ca/P growth inhibitors such as magnesium that stabilize the amorphous state 38, 39) . These precursor nanoparticle phases grow rapidly in size via ion-by-ion attachment 40) and aggregation, with local loss of solvent, undergoing amorphouscrystalline transformations or phase transformations en route to a thermodynamically stable macro-crystal. Unlike biomimetic bottom-up remineralization strategies that take months of protracted chemical reactions to complete, top-down mineral fabrication of HCAp crystals proceeds fast. Thus, while the mineral constituents is being restored, the region of the exposed collagen fibrils is less susceptible to hydrolytic degradation by MMPs. Furthermore, traditional remineralization by epitaxial growth is a thermodynamically favorable process that overcomes the energy barrier of homogeneous nucleation 41) . According to Ostwald's rule 42) , normally the first occurring phase in polymorphism is the least stable and closest in free energy to the mother-phase, followed by other phases in order of increasing stability. The formation, dissolution, and transformation of Ca/P bodies depend on their nature (particle size, crystallographic features, density) and the nature of the solution (composition, pH, temperature). Most Ca/ Ps are sparingly soluble in water, and some are very insoluble, but all dissolve in acids. Their solubility, defined as the amount of dissolved solute contained in a saturated solution when particles of solute are continually passing into solution (dissolving) while other particles are returning to the solid solute phase (growth) at exactly the same rate 43) , decreases with increments in temperature and in pH 44) . Each Ca/P phase possesses its own thermodynamical solubility. For example, at pH=7 and 37ºC, HCAp is the most stable phase 32) . However, these thermodynamical considerations are under equilibrium conditions, and therefore they do not take into account kinetics that dictate the formation of one or the other phase under dynamic conditions. In vivo, the interactions between Ca/Ps and their "biological surroundings" are highly complex due to the non-equilibrium conditions and due to the undefined amount of compounds playing a role in these interactions. The second important factor in the stability of Ca/Ps is the characteristics of the solution in which these salts are formed or placed, namely the solution supersaturation in free Ca 2+ and PO4 −3 ions 45) . At a given pH and temperature, a free Ca 2+ and PO4
ion containing solution can be categorized in three different states: (i) the stable (undersaturated) condition, when crystallization is impossible; (ii) the metastable condition, when spontaneous crystallization of Ca/P salt is improbable, although the concentrations are higher than the ones corresponding to the salt solubility. If a crystal seed were placed in such a metastable solution, growth would occur on the seed; (iii) the unstable condition, when spontaneous crystallization of Ca/P is probable, but not inevitable 32) . Extracellular fluids that are supersaturated for Ca
2+ and PO4
−3 under normal conditions or, alternatively, by means of external sources with tailored treatments Fig. 2 Schematic diagram of bioactive micro-fillers conversion within the mineral-depleted resindentine interface.
It is believed that throughout the course of nano-leakage events HCAp can form from dissolved precursor species on top of a silica nucleation layer. In presence of salivary or dentinal fuid, providing a natural source of Ca 2+ and PO 4 −3 ions, Bioglass ® 45S5 and the silicate phases of PCs undergo a series of physicochemical reactions with subsequent precipitation of an amorphous silica-rich layer "Si-gel" or resulting in the formation of a nanoporous matrix/gel of calcium silicate hydrates "CSH phase". Either way, silica nucleation layers provide the negatively charged sites for the migration and incorporation of mineral ions (e.g. Ca 2+ ), which in turn lead to an over-saturated solution that exceeds the solubility product constants for a number of mineral forms, inducing crystal growth.
that deliver the same ions (Fig. 2) , may induce the heterogeneous nucleation and growth of new Ca/P crystals 32) . The newly formed minerals, in their turn, may act as sites for further nucleation promoting a continuous remineralization over time in presence of environmental mineral ions.
DEVELOPMENT OF DENTINE BONDING SYSTEMS COMPRISING BIOACTIVE PARTICLES
Many modifications and improvements have been made to dentine bonding agents in the years since their inception. Several "generations" of products have been developed in the last few decades, but the advancements have mainly increased ease of use and reduced technique sensitivity. To date, however, little progress has been made with regard to reducing the propensity of the adhesive towards nano-leakage ( Fig.  3) , though the achievement of improved bond strengths has significantly reduced gross gaps from occurring 46) . One possible modification that may significantly reduce the occurrence and extent of nano-leakage is represented by the incorporation of biologically active agents into the resin-bonding procedure to repair any nanometre-sized void that remains within the HL after polymerization of the adhesive.
The development of self-sealing dentine bonding systems with therapeutic ability to create a chemical bond in addition to the micromechanical one, enabling dental restorations to have longer lifetimes, is currently one of the main targets of dental biomaterials research 47) .
Key objectives in the design of ion-releasing interfacial materials for dental restoration
In view of the clinical demand on engineered dental tissue, new biologically active adhesive/primers formulations have to exhibit: Ⅰ. A hydrophilic nature to interact with oral fluids, tolerate moisture and absorb water for the necessary ion movement. Ⅱ. Light-curable chemistry characteristics with controlled water sorption and solubility behaviour of the cross-linked network. Ⅲ. Ability to release mineral ions in a sustained manner (bioavailability) and crystallographic inclusion of foreign ions from aqueous environments that contain Ca 2+ and PO4 −3 ions, such as saliva and dentinal fluid. Ⅳ. Appropriate filler size, or fineness, to influence hydration rate: the smaller the size, the greater the surface-area-to-volume ratio, and thus, the more area available for water-particle interaction per unit volume 48) . Ⅴ. Potential to completely replace water from the resin-sparse regions of the HL with redeposition of thermodynamically stable, apatitic tooth mineral (bioactivity). Ⅵ. Antibacterial properties at the dentinerestoration interfacial region to reduce the risk of reinfection and secondary caries, in particular when using dental composites lacking any antimicrobial activity. These said features thus form the requisites for the improvement of dentine bonding technology with regard to the hydrolytic enzyme-related loss of HL's organic components and bond strength.
An initial appraisal of the effects of calcium/sodium phosphosilicates on the resin bonded-dentine interface
Recently, calcium/sodium phosphosilicates have been successfully used to reduce tooth sensitivity due to their ability to act as biomimetic mineralizers, promoting Ca/P precipitation and subsequent crystallization into carbonated HCAp on the glass/tissue interface without toxicological consequences 49) . The chemical composition is significant. The components are basically oxides of calcium, sodium, phosphorus, and silicon at certain weight ratios. Silica maintains the glass structure, while sodium aids in maintenance of physiological ionic balance and pH 50) . More than three decades of study have revealed a distinct, though as yet not completely understood, series of chemical reactions that takes place after few minutes of exposure to calcium-phosphaterich environments, beginning with exchange of cations followed by loss of soluble silica. Both steps are characterized by formation of silanols (SiOH). Polycondensation of SiOH to form a hydrated silica gel precedes the formation of an ACP layer. The reaction is concluded with crystallization into HCAp 51) . More in detail, the first phase is characterized by rapid release of alkali or alkaline earth elements (Na + or K + ), usually through cation exchange with H + or H3O + ions, and dealkalinization of the glass surface. This ion exchange process leads to an increase in interfacial pH, to values >7. 4 . Network dissolution occurs concurrently by breaking of -S-O-Si-O-Si-bonds of the glass structure through the action of OH − ions (base catalyzed hydrolysis of -S-O-Si-O-Si-bonds). Breakdown of the network is localized and releases silica into the solution in the form of silicic acid (SiOH4). Last stages involve the development of silica rich and ACP layers respectively. Hydrated silica formed on the glass surface by these reactions undergoes rearrangement by polycondenzation of neighboring SiOH, culminating in a silica-rich gel layer. During the precipitation reaction, Ca 2+ and PO4 −3 ions liberated from the glass along with those of the solution combine to create a calcia-phosphate-rich (Ca/P) layer on the silica gel. The Ca/P phase that stratifies in the gel surface is initially amorphous. Within 3-6 h, the ACP will crystallize into HCAp by incorporating carbonate anions from the surroundings 51) . It is expected that the forming mineral would bond to specific amino acids within exposed dentine collagen as occurs in bone 52) . Evidence has emerged suggesting that bonds to bone are mechanically strong and believed to be chemical in nature; force is required to separate the tissue from the glass 53, 54) . Confirming the relative success of surface reactive glass-ceramic materials incorporation in dentine bonding procedures required assessment of the potential to reduce nano-leakage, as well as their effect upon the strength of the bond over time. In a study by Profeta et al. 35) when 0.05 g of bioactive glass of the well-characterized 45S5 formulation (45 wt% SiO 2; 24.5 wt% Na2O and CaO; 6 wt% P2O5) (Sylc; OSspray, London, UK) and of an average particle size of <10 μm were applied directly onto H 3PO4-etched wet mid-coronal dentine before bonding, a commercially available adhesive was able to form an apparently normal HL. Notably, after 6 months of storage in PO4 −3 buffered saline, the occurrence and extent of nanometresized voids within the HLs was reduced due to the chemical nature of the mineral precipitation (dicalciumphosphate salts) within the resin-dentine interface. Conversely, severe water uptake was observed within the resin-bonded dentine interfaces created with the control resin both after 24 h and 6 months of storage. However, a concomitant decrease in microtensile bond strength over time was also observed. On this account, the crystallized bonded-dentine interfaces might have attained mechanical characteristics comparable to those created by conventional glass-ionomer cements applied onto polyacrylic acid-etched dentine when submitted to tensile tests 55) , not reflecting their true adhesive strength. Following this promising start, it was decided to include 30 wt% of Bioglass ® 45S5 within the composition of a resin adhesive as tailored microfiller (filler/resin ratio of 30/70 wt%). This approach produced bioactive/protective effects not only in terms of nano-leakage reduction (Fig. 4) but also preserving high adhesive strength and joint integrity. Analysis of the failure modes displayed a pronounced tendency for these samples to fail cohesively; strong adhesion to tooth substrates would shift the fracture plane from the HL to the dentine substrate or resin composite, while the negative controls tended towards failure at the resin-dentine interface. Another important trend was confirmed in this study: the ultramorphology analysis of the fractured specimens demonstrated the formation of mineral crystals embedded within a well-preserved collagen network over the course of the ageing period.
The mechanical characteristics of resin-dentine bonds are a fundamental aspect of restorative procedures. It has been advocated that atomic force microscope (AFM)/nano-indentation analysis performed in hydrated dentine, with force and indenter displacement being recorded simultaneously throughout the indentation and where the modulus of elasticity (Ei) and hardness (Hi) are determined from the load displacement curve, may be a suitable method to evaluate the visco-elasticity of the demineralized dentine and the effective remineralization of the collagen matrix 56, 57) . In 2012, Sauro and coworkers 58) reported that experimental bonding agents formulated on bioactive micro-fillers (Bioglass ® 45S5 and polycarboxylated zinc-modified bioactive glass) were able to induce a significant increase of the mechanical nano-properties (Ei and Hi) of definite mineral-depleted areas within the bonded-dentine interface (i.e. HL and bottom of the HL) after prolonged storage in a simulated body fluid solution (SBFS). Presence of well shaped indentations was observed in the crystallized SBFSaged bonded-dentine interfaces. Conversely, scarcely pronounced marks were detected in the specimens stored in SBFS for 24 h due to the visco-elastic properties of the demineralized collagen which prevented the plastic deformation of the HL 56, 59) . Although the reincorporation of mineral into the demineralized dentine matrix does not represent a full recovery of its functionality, it still plays a very important role, since the remineralized remnant crystallites may be much more resistant to subsequent acid attacks 60) .
Early developments in etch-and-rinse adhesives containing calcium-silicate Portland-derived micro-fillers
Since it was introduced in 1993, mineral trioxide aggregate (MTA) (ProRoot; Dentsply Tulsa Dental, Tulsa, OK) has proven to be one of the most versatile dental materials of this epoch. Abundant research shows excellent biocompatibility and bioactive properties in a multitude of challenging endodontic clinical situations 61) . As stated by the patent, MTA is a derivative of a type I ordinary Portland cement (PC) with 4:1 proportions of bismuth oxide just added for radiopacity 62) . PCs are hydraulic materials mainly composed of di-and tri-calcium silicate (2CaO•SiO2 belite and 3CaO•SiO2 alite), tricalcium aluminate (3CaO•Al2O3) and gypsum (CaSO4•2H2O) hydrophilic powders 63) . The setting reactions of PC remain in many respects obscure, with much controversy and uncertainty, despite its economic importance. Perhaps not surprisingly, the dental literature contains no satisfactory account, although there are a few superficial remarks and suggestions 64) . However, taking note of the respective chemical and condition variations, it is possible to deduce a reaction scheme which is probably sufficiently correct to account for the main features of the process. When hydrated, a solid-liquid interface forms on the silicate phases and ion dissolution occurs almost immediately. A highpH solution containing Ca 2+ , OH − and silicate ions is established 65) . A series of physicochemical reactions (hydrolysis of SiO 4 4− groups) result in the formation of a nanoporous matrix/gel of calcium silicate hydrates (CSH phase), characterized by Si-OH silanol groups whose deprotonation leads to negatively charged SiO − groups 66) , and of a soluble fraction of calcium hydroxide Ca(OH)2 or portlandite 61) . While SiO − negative groups sets over time to form a solid network (heterogeneous nucleation of HCAp) by bonding Ca 2+ on the CSH surface 67) , the release of Ca(OH)2 increases the alkalinity of the surrounding medium 68) . The soaring pH and concentration of Ca 2+ ions enhance supersaturation of the solution and growth of HCAp crystals 63) . The similar composition and mechanism of action suggest that additives used in PC industry might also be used to change the physical properties of MTA. In the same manner, this allows initial research studies to be carried out by using PC, which is advantageous considering the significantly lower cost of PC compared with that of MTA. If favorable results are obtained by using PC, then additional studies can then be performed to determine whether the same results can be obtained by using the more expensive MTA material.
Calcium silicates appeared to bond chemically to dentinal walls, possibly via a diffusion-controlled reaction 63) , but their inclusion in dentine bonding systems is yet to be attempted. In a recent study small amounts of three derivatives and proprietary formulations based on the composition of an ordinary PC (GB patent application no. 1118138.5) were added to the neat resin of a typical 3-step etch-and-rinse adhesive (30 μm average particle size; 40/60 wt% filler/ resin ratio), and teeth were bonded for the purpose of carrying out bond strength tests, ultramorphology and nano-leakage studies 69) . The most favorable results were obtained with the addition of set type-I PC modified using either montmorillonite or hydrotalcite poly-ions silicates. The use of resin bonding agents containing these two tailored micro-fillers promoted a therapeutic mineral deposition mechanism within the HL: nanoleakage did indeed appear to be reduced after soaking in simulated body fluid for 6 months (Fig. 5) , and consistent bond strength values were maintained when compared to negative controls. The reduced fluorescentdye uptake observations, along with a strong Ca 2+ chelating fluorophore (xylenol orange) signal from the HL and the dentinal tubules, clearly indicated the remineralization of those areas which were previously detected as mineral-deficient/porous zones (Fig. 6) . A further supporting result was found in the scanning electron microscopy: the ultramorphological analysis performed on fractured match-sticks demonstrated the presence of mineral crystals within the resin-dentine matrix subsequent to the storage period. Despite no specific biomimetic analogue agents being used in this study, there may have been a sort of biomimetic activity evoked by the main hydration products of the two silicate-based fillers. It was also hypothesized that the alkaline condition induced during the process may have created unfavorable conditions for MMPs expression within the demineralized collagen matrix and may have played a supplementary role in the remineralization kinetics 70) . Addition of a PC-based micro-filler containing titanium oxide to the same adhesive was less successful. Again, it was shown that an apparently normal HL was able to form, and the strength of the bonds formed was comparably high following 24 h of storage in simulated body fluid. However, long-term evaluation of the micro-mechanical strength was less definitive than in the other two etch-and-rinse adhesives doped with calcium silicates. Although nano-leakage was substantially reduced, specimens of this experimental adhesive group showed diminution of bond strength durability due to the high hydrophilicity of titanium oxide.
CONCLUSIONS
Noteworthy conclusions can be drawn from this review paper. Different studies provided preliminary evidence that the durability of the resin-dentine interfaces may be enhanced by modified bonding agents in a clinically relevant manner. The inclusion of highly reactive silicate compounds, such as commercially available bioactive glass and calcium-silicate Portland-derived cements, within the composition of representative etchand-rinse bonding system conferred attractive basic properties, such as:
Ⅰ. Light polymerization ability and tendency to interact with oral fluids and wet tooth structures (hydrophylic nature). Ⅱ. High bioavailability and propensity to deliver various remineralizing species; when hydrated, each micro-filler releases the predominant ions of its composition enhancing mineral delivery within and beneath the HL (mineral enrichment effect). Ⅲ. Potential to displace water from the resin-sparse regions of the HL with redeposition of apatitic tooth minerals (bioactivity). Ⅳ. Alkalinizing activity to buffer the environmental acids as well as to interfere with the action of MMPs, and antibacterial properties. Ⅴ. Predisposition to reduce nano-leakage and the rate of enzymatic degradation, two of the major causes of restoration failure, while producing no negative effects on bond strength over time. Ⅵ. Capacity to preserve the mechanical properties and stability of resin-dentine bonded interfaces. The initial evaluation of bioactive silicate compounds as a possible addition to the resin-dentine bonding process has shown their value; a new generation of biologically active dental materials able to induce physicochemical reactions yielding HCAp formation in demineralized dentine has been obtained as promising adhesives to be tested in future studies and clinical trials.
